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GAMMA RAY PRODUCTION CROSS SECTION FROM

ENERGETIC NEUTRON INELASTIC SCATTERING

FOR METHODICAL IMPROVEMENTS IN PLANETARY
GAMMA-RAY S?2ECTROSCOPY

Z.M, Castaneda, R. fGearhart, and B. Zaniil, Crocker Nuclear
Laboratory, University »f Califcornia, Davis, CA 95616, P.A.J.
Cnglert, San Jose State University, San Jose, CA 95192, D.M. Drake

and R.C. Reedy, Los Alamos National Laboratory, Los Alamos, MNM
R7545.

Abstract

Planetary Gamma ray spectr2scopy can be used to chemically analyze
"he +~op soil from planets in €future planetary missions. The
crcduction from inelastic neutron interaction plays an effective
role in the determination ¢n the C and H at the surface. The gamma
riy rroduction <reoss section from the strongest lines excited in
~he reutron bombardment of Fe hawve been measured bty the use of a
~ime analyzed quasi-mono-energetic neutron team and a high purity
Jermanium detectcr. The results from En=6.%5, 32, 43, and 65 MeV
ire presented.



Introduction

ne way %9 ~ktain in:-rmation ~n the <hemical ~cmposition of
clanetary surfaces such as rthose -f rthe moon‘', asteroids and
rlaners involves “he meacureament. of energeric gamma-rays emitted
from ~heir surfaces. “nly 2 few lines nbservable with a satellite
based gamma-ray <pentrnmerar ~<~me fram naturally radiocactive
olement.3s ¥, Th, and "', The maj2rity ~f rthe lines are induced by
*he :n%eractiscn -~f 1alasci~ ~nemi~c raya (4PC) with nhe planetary
~1rface and ~an he realaradqd r9 the 1nlused nuyclear reant inn and the
~arqar alament The <PC ~<2nsi13t5 mairnly +f eneraeric ~harged
rar~:~les, ~f whi~h ak~ur 2N% sre rr~r-~n4 and 2% 3lpha particles’',
n *he ~ase ~f “he pr-~*~2nn, the maximum -~f ~he Aifferenrial flux
li1es At abour ANN Me/, whereas "he mean meneray is abhnut 2-13 Gev,
When =171 eneraari- rar*i~lmag hir 49li4 manrer, a1 r~ascade nf
~a-=~rd3ry hadr ne Adecalapn, ‘f *heme ~3R-ades rhnse *hart produce
ceoutranc arma aspea~-3]ly amporrant far *he predyrrian ~Af gamma-rays.
‘itnsmelasr i~ 2F,artaring apnd rnanrr-on Capryre re3rc* . 5 rradgce many
‘RArytrerist it T1mma-ray cines -f lhiecrara wunera A\ faw | ineg are
1127 grrtuned from pr~*~2p and neut --n apallarizn v+ - '~nd reartiong,
and 1 very ~mall carbher fram the {e-ay of radfi-acsl o nunle) built
e by oall ~f *hese ro~lear reant cn~. The 2imilari*y 'n principle
A prompr 3AMMA sarjictarion analyti-cal *echnigyes 15 evident. The
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mainr differencs, however, to terrestrial applications <f prompt
zceivation methzds 4,5 =that complicates the analysis or data
ruduction is that a direct ccmparison to s-andards is not possible.
2lo such grcund standaras will be available, as no mission returning
samples from planets cr smaller planets are planned in the near
future, However, semi-empirical models of energy spectra and
flures cf reacting secondary hadrons are available tha. enable a
rough estimate of expected gamma-ray fluxes. While neutron capture
cross-sections are reasonably well known, cross-sections for
inelastic scattering reactions leading to analytical usef-1l gamma
radiation are practically not known fcr major rock-forming
elements. For a straight forward data analysis of gamma-ray
speccra from a planetary surface, neutron induced gamma-ray
rross-sections have to be measured for neutron energies between 0.5
and 150 MeV for a variety of soil compcnent elements. In our
axperiments we have used a gquasi-monoenergetic neutron beam at
enerzies of 6.5, 32, 43 and 65 MeV o bombard major planet-forming
alements to measure the production cross section for their
jJamma-rays Signature. This and further research will allow
Jamma-ray Spectrosccpy to be used to measure relative and absolute
abundances of elements in a planetary surface.

Experimental Method

The axperiments wcre performed using the unpolarized neutron beam
facility of the Crocker Nuclear Laboratory (CNL) at University of
ralifornia Davis®. The nearly monoenergetic neut:on beam was
produced via the 'Li(p,n) Be reaction and limiting the neutrons to
rhose emitted at zern degrees, Fig. l1a shows the floor plan of CNL
with ~he beam laycut »2f rthe cyclartren. The neutron sourre is
incated inside rhe main +vault and ~“he neurrans associated with the
Anrelerarnr are ~a2nfined ro rthe ault area; the wall between the
ayxperimental area and %he cyclotron room is formed from 30.5 cm of
steel and 1.2 m of nrdinary concr=te rthat gives an attenuation of
= 103 far 5 MeV naurrnns. Figq. lb shows mhe main features of the
neutr2n preductinn system'. The prenon beam is steere and focused
2n a .i=hium targer and subsequently Swept by a clear::1 magnet to

~ha Faraday r~up. The neutrcins are produced by rthe reaction
“L(p,n) Be and ~allimated =9 " 34 the beam size rAafin=d to 0.03
=2r. F:3. 2a. MNey~r~n eneray =pe~rprum., Rerween S0-AN% nf all the
~ayrs.ns t2me from “he Li(p,n) 7r~und stare rtransiti-n at 0" .Flb.
k. Time rfpe~struym fram *he nayrr-n ream from the !HPGe Adarector.

The rromp* *~ime ~u- enn|a5e88 the peak and is | Ins wide. The random
i im eqqally wife and 2 the lufs ~f *he prompr peak.

A rr *n re~-:] r"alacccra 12 y3aqd *~ manirar rhe heam, The
*win~~-ra (= =34n -Ff an F-[{F {arer~*~r ) .m fr~m a thin H' rarger
(741 ~m) smqred TC1 m mgpatraam of *ha sngrp-en prodncrion
“arger . Tret o mmgpro e byp o tmeonop raact o 0o the Il P araet aAre
rart: e et " ime analyrad and 2t cred acanr by evant "~ 1er a
et s beam ooapnray @t e, Figl v, T™hit 15 ane-~mrliched by

i1 Rl Ppatock praramererizarion ~f *he n-p Af1ffarent1al.,
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F.1. b, Time -~par~cr.m fr-m *hea negrr~n keam fr-~m *he HPGe
larars=r The pr-mr*> *.ma ¢ an~<lasen *he peak and is 1Ins wide,
The randam 1% 17 eqially Wwide and * 2 rhe lafr Af rhe prampt peak,
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cr2ss secticn. The absnlute normalization is cbtained through the
.se of that eneray rrofile and is double checked by integrating the
preton beam impinging 2°n +he Li target and using the 0°
differential cross section for the Li(p,n) Be®. The irradiated
targets were 927 cm from the neutrcen production target and the
cyclotron wacuum extended +2 38 cm frcm the gamma production
~arget, the rest of the beam pipe was filled with circulating
helium gas to minimize background from the air in the cave. The
gamma spectrum was detected in a High Purity Germanium spectrometer
and recorded event by event with time and energy parameters saved
for later analysis. The detector was placed 40 cm frcm the gamma
rarget and 135 degrees from the neutron beam line. The detector
#as in a lead tuke lined with copper and cadmium sheets. The
neccron beam dump was 203 cm from the target and was 28 cm of water
~hick and surrounded ty a combination of iron, lead and concrete
.2 cm, Scm and 75 cm thick respectively. We time analyzed the
Jamma-ray spectrur to get a prompt section and a random section
which we subtracted frcm the prompt spectrum to obtain the gamma
rays that were only produced by the high energy neutron peak. Fig.
b shows the time spectrun frcm the HPGe detector for 43 MeV
neutrons. The intrinsic time resolution of the HPGe spectrometer
was determined to be around 12ns by using a Co source and a
NaI(Tl) detector in coincidence with the HPGe detector. The energy
resclution for the gamma detector was 1.8 Kev at 1332 KeV and no
deterinration was noticed at the end of the experiment. The
efficiency cf the detector was determined with a NIST source using
rhe experiment’s geometry; ~orrections for gamma attenuation and
dead ~imes were applied to the :ross section calculations.

D 0

e nktained for natural Mg, Al, Si, Fe, S, CaCo03,
rarqers ranging in thickness from 1.3 to 8 g/cm?.
es used were 55+0.9, 43+1.2 and 32+1.6 MeV, and
$2.0 MeV. In this paper we will only discuss
lrs, Runs were made =5 evaluate the room

The rneyrron r
f~2r Fe and Al at
~he Fe trarget res:
rank3r2und when ~he team was in the <cave and no target was being
irradiared. Also, the ~contributions frcm the Faraday cup and the
main ‘rault leakage were measured by placing the neutren production
~ar7en wheel emprty s5lof.

128
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J

Results and Diacussions

£13. 'a. zhcows rthe raw data for the gamma ray spectrum frcm the

Faip, xyr reacri-n, The <tkKserwed praominent peaks ~ome from fhe
‘~,ny), (n,2ny), (n,pny), and (n,nay) ~hannels. Peaks fror nther
~~rir—es are abserverd, aecepercially *hns2 fr-m '“a jnteractinn -t
“arger emtted negtrons Wwith *“he Aderaertar ~ry~+1, Fia. b shows
*ta -~ *arqer ~per~rum  Wwhi~h ~learly dem-nerrates “he low

ryresroand.
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Fig. 1a. Gamma-ray =pectrum from Fe(n,xy) reac%ion for 43 MeV
neysrans. The :inelazri 8 in aermanium from the Ge(n,n’)
rear~i~n are produred by neutrons 2oming from the Fe rarget.

iq. *h. ~amma-ray ~rertrum f~r In smpry *araes, This background
~m from *he :nrerac*i:2n ~f *ne primary pr<~~ns with *he Faraday
~qp tn *he ~y~letr-n ranm and fr-m *he intaracsticn 2~f “he neutron
eam w;*h *nhe keam -Aump.



Frcduced by the neutrcn beam with the cave surroundings and that
the Ge lines are produced by neutrons emitted by the target. The
Ge lines are prominent in both the randon and prompt contributions
for the Fe target and cancel ocut. By comparing the spectrum from
the high energy peak (prompt) with the spectrum generated by the
tail (random) we see in both, the same lines with almost he same
intensity. This makes it essential to use a time-c:i-flight
technique to sort the energy dependance of the gamma-ray
production. The situation is further complicated by the fact that
the tendency is for the cross section to ao up when the neutron
energy goes down. By using quasi-monoenergetic neutrons, we
compensate the difference in cross secation by enhancing the gigh
energy neutrons and decreasing the yieid at the lower energies.

TABLE 1

Gamma-ray production cross secticn frem a thin iron target
bombarded by a quasi-moncenergetic neutron beam of energy 6.5,32,43
and 65 MeV. The cross sections were obtained by time analysing the
neutron beam and using only the contribution from the high energy
peak of the neutron energy spectrum.

ENERGY REACTICN CROSS SECTION (mb)

(KeV) 65.MeV 43 .MeV 32.Ma7 6 .5MeV
511.0 e” Annih. 304.2 248. 332.

£58.0 79.14 84.9 35.3

803.5 22¢pb (n, nY) 18.5 12.7 35.3

846.8 ““Fe (n, ny) 299.4 303.7 531.4 1800.0
8c8.2 ““Fe (n, npy) 17.4 24.3

931.3 **Fa (n, 2nY) 49.1 73.4 77.8

935.5  *Fa(n,nay) 22.4 17.9

1927.3 ““Fe (n, ny) 37.5 19.3

1129.2 **Al (n, npY) 38.0 75.3

1166,2 *Fa (n, npy) 37.90 31.3

t1T1.¢ 72 Adnmay 4.2 22.8

1c22.7 9.¢ 1.4 38.2

1229 .3 “Fa(n,ny £5.1 5.1 28.3 372.0
13702 = Z1.¢% 13.%

111€. % “Fa(n, Zny) 17.4 19.7 €6.5

13331 “*Fa(n,nay) 17.%8 9.6 21.8

14nNA 4 “"Fa(n,ny 4.4 148.° 157.2

124.°7 “Fa(n. nay) £€.1 10.0 fl1.7

if110.° “Fa(n,ny) 13,4 47.7 19.2 122.4
J110.s “Fa(n,ay) on.4 13.1




9

Table 1 summarizes the crass secticn f£or gamma-rays vroduced from
iron. In general, these cross sections decrease as the neutrnn
anergy goes up or they look fairly constant in the energy interval
we measured. The error bars in this experiment vary from 10 to
15%, depending on the statistics of the intensities for the peaks
in the prompt and random spectra. Fig. 4, shows the data from Oak
Ridge? for the 846 KeV and -he 231 KeV peaks from the iron target
frcm threshold to 40 MeV as compared with this experiment. The
present experiment gives values that are higher than thecse that one
would extrapolate from Ref. 9. These discrepancies are not yet
understood and are difficult to understand in 1light of the
agreement we observe for the S5SFe transition at 931 KeV. Although,
in this energy region Ref. 9 reports interference with the Linac
gamma-flash which could have increased the 931 KeV yields. The low
energy point at €.5 MeV shows very good agreement for the *‘Fe
rransition at 847 KeV. One could argque that they included the
carbon contribution in the absolute measurement cf the flux by
which they increased the neutron flux and therefore lower the
fJamna-ray yields.

L L L] v L4 L L4 L4 L L] L] L

OE ~08kv S6Pennp)
BE ~ 9 kv S6Pe(nag)
(This Expertman?)
B =08V S&Fe(nny)
R P =9 kV S6Pxp.2ng)
(D C Lagsom) k
€
[ J
[
3
5 d
[} ]
2
B .
) - q
I ST T T R T

Neutron Fnergy (MeV)

Figa., 1.

Tig. 4. Excitartion funcnion for ~he A46 FeV a1d the 7?31 Kel peaks.
Pesults from "Nakridae are ~hown to ~ompare with present results,
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Conclusions

To remotely analyze the surface of the planets bty means of nuclear
techniques one needs to know the gamma ray production cross
sections from neutreon capture as well as for their inelastic
interaction with the soil elements. The ratio between the yields
from these two processes ((n,Y)/(n,nY)) will also give information
on the amount of moderating materials (H,C) present in the surface.
Although the capture cross sections are very well established the
neutren inelastic creoss sections are not so firm. To reliably use
the ratio c¢f the gamma ray producticn by inelastic nevtron
scattering to the one frem the neutron capture as a sound
radiocanalytical tool, cne has to measure the inelastic production
cross section with a time analyzed beam which will differentiate
the contribuctions from different parts of the neutron beam.
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